The Sloan digital sky survey (SDSS) has recently discovered exceptionally bright quasars 1 with redshifts of up to 6.28. Naively, these observations imply the existence of black holes with masses in excess of a few billion solar masses only a billion years after the big bang. Moreover the inferred luminosities of these bright quasars are systematically higher than expected from the survey selection criteria. Here we explain these puzzling results by the inevitable phenomenon of gravitational lensing. We find that up to a third of the SDSS quasars at z ∼ 6 are likely to have their intrinsic flux magnified by a factor ∼ > 10 due to lensing by intervening galaxies.
-2 -of 4 very high-redshift quasars 8, 1 (with z ∼ > 5.8; SDSS 1044-0125 was later found 9 to have z = 5.73), and a catalog of 39 quasars 10, 11 with a median redshift of z ∼ 4.3 (3.6 < z < 5.0). These samples were selected in the SDSS photometric magnitude system to have magnitudes z * < 20.2 and colors i * − z * > 2.2 at z ∼ > 5.8, and i * < 20.0 at z ∼ 4.3.
The quasar luminosity function (number per comoving volume per unit luminosity) is very well determined 12 at redshifts z ∼ < 3, having a characteristic break with a slope at the bright end of −3.43 that does not evolve with redshift. However, the SDSS sample at z ∼ 4.3
shows a bright-end slope of −2.58, significantly flatter than the low redshift value, and implying the existence of many more luminous quasars 11 . On the other hand the SDSS sample of z ∼ > 5.8 quasars is consistent 1 with the steep slope (−3.43) found at z < 3.
Assuming a steep bright-end slope of −3.43, the measured luminosities of the four z ∼ > 5.8 quasars present a new puzzle. If the cumulative probability of the inferred absolute magnitudes (denoted by dots in Figure 1 ) is compared with the expected distribution of absolute magnitudes for the z ∼ > 5.8 sample, one finds that while the slope of the observed and expected distributions are consistent, the quasars are systematically brighter than expected. We have computed the probability of observing a quasar in the z ∼ > 5.8 survey with absolute magnitude greater than M 1450 (AB magnitude of the continuum at rest-frame 1450Å). The co-moving space density of quasars was assumed to decline with redshift 11 in proportion to 10 −0.48z , and the probability that a quasar with continuum magnitude M 1450 and redshift z was selected into the survey was taken from the published survey selection function 1 . The resulting cumulative probability is plotted in Figure 1 . A Kolmogorov-Smirnov test shows the observations to be inconsistent with this distribution at the 95% level. On the other hand, if the flux of one or more of the quasars was overestimated by a factor ∼ > 2 then this inconsistency is removed. In the following, we
show that the required overestimation is a natural consequence of gravitational lensing by foreground galaxies. Throughout this Letter we adopt a cosmology described by density The quasar luminosity function at z ∼ < 3 is well described by a double power-law whose shape does not evolve with redshift 12 ,
The observed evolution of the break luminosity L ⋆ is well-described by the dependence
We find that an intrinsic luminosity function having the parameters φ ⋆ = 624 Gpc −3 , 
where L lim is the luminosity of a quasar at redshift z corresponding to an apparent magnitude z * lim . L lim was determined from z * lim using a luminosity distance and a k-correction computed from a model quasar spectrum including the mean absorption by the intergalactic medium 13, 14 .
The magnification of the intrinsic quasar flux through gravitational lensing offers an attractive explanation for the discrepant z ∼ > 5.8 luminosities. To illustrate this point, we consider a fictitious gravitational lens that always produces a magnification of µ = 4 for the sum of multiple images [the average value for a singular isothermal sphere (SIS)] but µ = 1 otherwise. Surveys for quasars at z < 3 have limiting magnitudes fainter than the break magnitude (m B ∼ 19). The probability that a quasar at z ∼ 2 will be multiply imaged-4 -∼ 0.002. However a survey for quasars to a limit L lim will find a number of lensed sources that is larger by a bias factor of
and for β l = 1.6 the magnification bias factor is ∼ 2.3, resulting in a lens fraction of ∼ 0.005.
At z = 6 the probability that a quasar will be multiply imaged is ∼ 0.008. Furthermore, the limiting magnitude of the z ∼ > 5.8 survey is significantly brighter than the break magnitude and so β h = 3.4 and the bias factor rises to ∼ 28. Under these circumstances, the lens fraction rises to ∼ 0.22. If the bright end slope is shallower at high redshift, say β h = 2.6, then the bias is ∼ 9, and the lens fraction is ∼ 0.07. These simple arguments are consistent with previous estimates of the lensing rate at high redshift 17 and demonstrate that lensing has a strong effect on observations of the bright SDSS quasars at z ∼ > 5.8.
To find the magnification bias more accurately, we have computed the probability distributions dP sing dµ and dP mult dµtot for the magnification µ of randomly positioned singly-imaged sources, and for the sum of magnifications µ tot of randomly positioned multiply-imaged sources due to gravitational lensing by foreground galaxies. We assume that the lens galaxies have a constant co-moving density [as the lensing rate for an evolving (Press-Schechter) population of lenses differs only by ∼ < 10% from this case 17 ] and are primarily early type (E/S0) SIS galaxies 18 whose population is described by a Schechter function with parameters 19 n ⋆ = 0.27 × 10 −2 Mpc −3 and α s = −0.5. We assume the Faber-Jackson
where σ g is the velocity dispersion of the lens galaxy, with σ ⋆ = 220 km sec −1 and a dark matter velocity dispersion that equals the stellar velocity dispersion 18 . We ignore dust extinction by the lens galaxy, which mainly arises in the much rarer spiral galaxy lenses. Potential lens galaxies must not be detectable in the survey data used to select the objects. Galaxies having i * < 22.2 (around 30% of the potential lens population) are not considered part of the lens population. To compute i * for a galaxy having velocity dispersion σ at redshift z we use L g⋆ from the 2dF early type galaxy luminosity function 19 , the Faber-Jackson relation, color transformations and a k-correction 20, 21 , and the evolution of the rest-frame B-band mass-to-light ratio 22 .
Our lens model includes microlensing by the population of galactic stars which is modeled as a de Vaucouleurs profile of point masses embedded in the overall SIS mass distribution. The surface mass density in stars for galaxies at z = 0 is normalized so that the total cosmological density parameter of stars 23 
was normalized to have unit mean.
The fraction of sources which are multiply imaged due to gravitational lensing is
where τ mult = 0.0059 is the multiple image cross-section 15 . We find a value of F MI ∼ 0.30 for the color-selected, flux-limited z ∼ > 5.8 sample. This value is higher by two orders of magnitude than the lens fraction at low redshifts and demonstrates that lensing must already be considered in a sample with only 4 objects. We find that consideration of microlensing increases the the multiple imaging rate by ∼ 15%. Magnification bias also affects quasars that are not multiply imaged, and we find that the mean number of quasars in the survey is increased a factor of ∼ 1.5. We therefore predict an enhanced angular correlation on the sky between z ∼ 6 quasars and foreground galaxies.
A sub arc-second resolution K-band image has been obtained for the z = 5.80 quasar 1 ,
and it was found to be an unresolved point source. To our knowledge this is the only z ∼ > 5.8 quasar for which sub arc-second resolution data is currently available. However a -6 -program to image these quasars with HST which will determine the multiple-image fraction, is expected to begin within the coming year (X. Fan private communication). Note though that single image quasars might still be magnified by a factor of ∼ 2.
We have computed the distribution of magnifications observed for a sample of quasars brighter than L lim at redshift z,
In Figure 2 we show the probability that the magnification of a quasar is higher than µ obs , assuming that the quasar belongs to a sample at a redshift z ∼ 6 with the SDSS magnitude Finally we note that even though a lens galaxy cannot be detected in the initial survey, its light may still contaminate subsequent deep observations of the Gunn-Peterson trough 27 in the quasar spectrum. The recently published spectra of the highest redshift quasar 5, 28 limit the flux in the Gunn-Peterson trough to less than 3 × 10 −19 erg sec −1Å−1 . We have computed the flux of lens galaxies at redshift z with velocity dispersion σ, and convolved the results with the joint probability distribution for the lens galaxy redshift and velocity dispersion. We find that ∼ 40% of multiple image lens galaxies (i * Correspondence and requests for materials to Abraham Loeb. This manuscript was prepared with the AAS L A T E X macros v4.0. 
